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esponsibility of ChinAbstract The rectangular microtubes array of perchlorinated copper phthalocyanines (Cl16CuPc), were
synthesized by physical vapor deposition technique without using any template or catalyst. The synthesis
process of the tubular structure is very simple, easy to control, and a little raw material is used. The
morphology and crystal structure of the obtained samples were analyzed by means of scanning and
transmission electron microscopy (SEM and TEM), X-ray diffraction (XRD), Fourier transform infrared
spectroscopy (FT-IR) and X-ray photoelectron spectroscopy (XPS). The microtubes have an entire hollow
interior, open ends with rectangular cross-section, a large interior of 1.4–1.8 μm width, and the thin walls
of 80–100 nm. The obtained products exhibit excellent crystalline nature, high chemical and thermo-
dynamic stability, excellent biocompatibility, as well as innocuity. It is believed that these well-deﬁned
microtubular structures of an organic material will be used as active materials for solar cells, nanodevices
for ﬁeld emission apparatus, microchannels for biochip and microvessel for drug delivery.
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Tubular structures on the micro- and nano-scale have attracted
considerable attention over the past decade due to their unique
physical and chemical properties, and the widespread technologi-
cal applications in various areas such as electronics, optics,
sensors, biological systems, drug delivery devices, etc. [1–7]. In
recent years, all kinds of nano/micro-tubes, such as carbon
nanotubes [1–5], MoS2 nanotubes [8], TiO2 nanotubes [9], SnO2
nanotubes [10], BN nanotubes [11], have been synthesized with
different methods. Most of the tubes have cylindrical symmetryg by Elsevier B.V. All rights reserved.
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[12–14]. Up to date, however, only a few types of nano/microtubes
with rectangular cross-section have been synthesized [13–15]. For
example, Hu et al. [14] successfully synthesized single-crystalline
GaN nanotubes with rectangular cross-sections by a simple
template- and catalyst-free high-temperature route. Yoon et al.
[15] introduced a highly crystalline rectangular nanotube structure
of metal-free 5,10,15,20-tetra (4-pyridyl) porphyrin by a vaporiza-
tion–condensation–condensation–recrystallization process. Most
studies, however, have focused on inorganic nanotubes and
relatively few on micro/nanotubes of organic/polymeric systems,
because of the difﬁculty of preparing of organic single-crystal
micro/nanotubes. In general, organic micro/nanotubes prepared
thus far are either amorphous or moderately polycrystalline and
have a circular cross section.
Organic metal phthalocyanines are synthetic porphyrin deriva-
tives consisting of a central metallic atom bound to a Π-conjugated
ligand, characterized by high symmetry, planarity, and electron
delocalization [16,17]. They have attracted extensive interest for
many years because of a wide variety of applications, such as dyes,
gas sensors, optoelectronic, and microelectronic devices owing to
their photochemical and electrochemical properties, biological
functions, high stability and innocuity [18–20]. Among a number
of different metal phthalocyanines, copper phthalocyanine (CuPc)
has been most extensively studied, but studies of metal phthalo-
cyanine derivatives such as perchlorinated copper phthalocyanines
(Cl16CuPc, Fig. 1 is its chemical structure) have been scarce [21]. It
is well known that substitution on the macrocycle leads to speciﬁc
properties. For example, hexadeca hydrogen of CuPc replacement
by chlorine groups modiﬁes solubility, conductivity, nonlinear
optics and photochemical properties [22,23].
In this paper, a facile method for the preparation of Cl16CuPc
single-crystalline microtubes with a distinctive rectangular cross-
section, large interior and thin walls has been reported for the ﬁrst
time. The organic hollow microtubes have excellent biocompat-
ibility and high chemical stability with many potential applica-
tions, such as active materials for solar cells, microchannels for
biochip, nanodevices for ﬁeld emission apparatus, and microvessel
for drug delivery.Fig. 1 The Molecular structure of Cl16CuPc.2. Experimental
2.1. Preparation of the array of Cl16CuPc rectangular
nanotubes
As-purchased Cl16CuPc powders (From Sigma-Aldrich) were
puriﬁed by vacuum sublimation at 400–420 1C before using.
Cl16CuPc rectangular microtubes have been synthesized by
physical vapor transport, using home-made vacuum-evaporation
apparatus, as shown in Fig. 2. A quartz tube was inserted in a
horizontal tube furnace. In a typical process, 100 mg puriﬁed
Cl16CuPc powders were placed at the heated zone of the tube and
vaporized at 500 1C. Then, Cl16CuPc vapor was transferred from
high pressure and high temperature zone to low pressure and low
temperature zone, and then deposited on Si/SiO2 substrates at the
temperature range of 300–350 1C. Bottle green products, which
were found to be Cl16CuPc rectangular microtubes array later,
were obtained on Si/SiO2 substrate at the low temperature zone.2.2. Measurements
A ﬁeld-emission SEM (FESEM, Hitachi S-4300F) was used to
study the morphology of the products. TEM, high-resolution TEM
(HRTEM) and the electron diffraction (ED) pattern were carried out
on a TEM (JEOL 2010F) operated with an acceleration voltage
200 KV. The as-synthesized tubes were placed on a carbon-coated
copper grid for TEM analysis. The phase purity of the products was
examined by XRD pattern (Rigaku D/Max-RB diffractometer with
CuKα radiation, λ¼0.1542 nm, 40 kV, and 100 mA). The chemical
structures of the Cl16CuPc microstructures were analyzed using the
FT-IR spectra (Bruker Tensor 27 FT-IR spectrometer). XPS data
were obtained with an ESCALab220i-XL electron spectrometer
from VG Scientiﬁc using 300 W AlKα radiation. The base pressure
was about 3 109 mbar. The binding energies were referenced to
the C1s line at 284.8 eV from adventitious carbon.3. Results and discussion
3.1. Morphology analysis
The Cl16CuPc tubular structures reported here have been syn-
thesized based on physical evaporation of commercial-grade
Cl16CuPc on Si/SiO2 substrates using home-made vacuum-eva-
poration apparatus. Fig. 3 shows the typical SEM images of the
as-obtained samples at different resolutions. As indicated in Fig. 3a,Fig. 2 Schematics of the apparatus to grow the single crystalline
Cl16CuPc rectangular microtubes.
Fig. 3 SEM images of the Cl16CuPc products at different resolutions. (a) Low-magniﬁcation image of large area array of the Cl16CuPc rectangle
microtubes, (b) mid-magniﬁcation image of the Cl16CuPc rectangle microtubes and (c and d) high-resolution image of the Cl16CuPc rectangle
microtubes.
Fig. 4 XPS spectrometry of the obtained samples.
Fig. 5 FT-IR spectra of (a) the Cl16CuPc microtubes; (b) the
Cl16CuPc raw materials. Both spectra have no difference, so the
Cl16CuPc microtubes still keep the Cl16CuPc structure.
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microtubes are arranged on the substrates in high yield and evenly
form a layer of ﬁlm. The overall surface of the substrate is covered
by uniformly distributed hollow tubular structures with open ends.
Fig. 3b clearly shows that most of the Cl16CuPc crystals have
hollowly rectangle cross-section with open ends and exhibit
aligned growth. Among the microtubules with a rectangular
cross-section like the one in Fig. 3c, some of them have a perfect
square cross-section (Fig. 3d). The outer and inner diameters of the
microtubes are 1.62.0 μm and 1.41.8 μm, respectively, with a
wall thickness of ca. 80100 nm. The tubes have a uniform,
completely hollow structure without ﬁlling or blockage. To our
best knowledge, this is the ﬁrst example of formation of well-
deﬁned rectangular cross sectioned microtubes by self-assembly of
perchlorinated copper phthalocyanines building blocks.3.2. Chemical composition analysis
Commonly organic compounds will be decomposed or carbonized
under high temperature. In order to check the chemical composi-
tion and molecular structure of the rectangular microtubes, XPS
and FT-IR spectra were used to study chemical composition and
vibrational structure of the as-prepared products, respectively.
The XPS analysis was carried out, recording the Cu2p, N1s, C1 and
Cl2p core-level spectra of the Cl16CuPc microtubes grown on Si/SiO2
substrate. The integration of XPS (Fig. 4) indicates the atomic%
surface fraction of microtubes, which contains 1.80% Cu, 13.95%
N, 54.93% C and 29.32% Cl, so the molar ratios of Cu, N, C and Cl
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molecular formula of raw material and conﬁrms that the Cl16CuPc
was not decomposed during the formation of microtubes.
The typical FT-IR spectra, from 400 cm1 to 3000 cm1, for
the rectangular microtubes and the raw materials, are presented in
Fig. 5a and b respectively. The IR characteristic peaks due to the
vibration mode of Cu–N bonding and the CQN–C at bridge
sites are observed at 1154, 1275, and 1323 cm1. For the self-
assembled Cl16CuPc micirotubes, the IR characteristic peaks
related to the Cl16CuPc molecule still exist and have the same
positions, so the as-prepared products keep the Cl16CuPc structure
of starting materials without any decomposion.
3.3. Structural properties
The experimental XRD patterns (Fig. 6) exhibit a series of Bragg
reﬂections, which can be assigned as orthorhombic structureFig. 6 XRD spectrometry study of the obtained samples.
Fig. 7 (a and b) Typical TEM images of the Cl16CuPc rectangular mic
rectangle in (a); and (d) corresponding SAED patterns recorded from the(a¼14.6 Å, b¼13.3 Å, c¼7.15 Å) according to the standard
JCPDS card (36-1870). The XRD patterns (Fig. 6) of the
as-obtained products indicate a few intense features in the low-
angle region, especially a main Bragg reﬂection peak 2θ at 26.281,
and its corresponding d space is about 3.39 Å. The d space of
3.39 Å means that the driving force for the formation of the
rectangular microstructure is the Π–Π interactions between two
crystal faces.
It is well known that organic nanocrytals are easily destroyed by
high power electron beam. As shown in Fig. 7, after a long time
(more than 10 min) electron beam exposure in TEM, the Cl16CuPc
microtubes still kept their primary morphology and crystalline
structure, indicating superior chemical and thermodynamic stabi-
lity. Fig. 7a–b shows the typical TEM images of the Cl16CuPc
microtubes. The brightness differences between the thin dark edge
and the light semi-transparent large area in the middle imply that
the products have a hollow structure. The tube wall is very thin
and uniform, consistent with the SEM results. Fig. 7c shows a
HRTEM image of the Cl16CuPc microtubes. The image was
recorded form a thin section at the open end of the microtube (the
area enclosed by the rectangle in Fig. 7a). The HR-TEM image
shows the clear lattice structure, and the interlayer d-space of
14.6 Å (determined by digital micrograph software Gatan-TEM
imaging measurement) corresponds to the (100) interplanar
distance of the Cl16CuPc orthorhombic structure, as shown in
Fig. 7c. The microtube shows no dislocation or planar defects in
either the HRTEM images or the low magniﬁcation TEM images. The
SAED patterns, depicted in Fig. 7d, conﬁrm the single-crystal quality
of the microtubes. The four peripheral surfaces were determined to be
(011) planes and the tubular crystals grown along [011] directions. The
microtubes have a dislocation-free wall structure.3.4. Self-assembly mechanism
Why does Cl16CuPc form rectangular tubular structures on the
surface of the Si/SiO2 substrate?rotubes; (c) HRTEM image recorded from the area enclosed by the
area enclosed by the circle in (a).
Fig. 8 Schematics showing the proposed growth mechanism for Cl16CuPc rectangle microtubes arrays. The Cl16CuPc hot vapor primarily formed
nanocrystales on SiO2/Si substrate (a); then, the Cl16CuPc microtubes grew on the suitable crystalline face of the nanocrystales (b and c).
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on their molecular structure [24]. The Cl16CuPc is a planar
molecule and tends to form layer structure through intermolecular
Π–Π interactions [25]. On the other hand, the Cl16CuPc molecule
has square shape, so it tends to form belt/wire or rectangular
tubular structures to minimize surface energy. Based on the above
experimental results and discussion, the vapor–solid (VS) mechan-
ism is probably suitable to explain the growth of the Cl16CuPc
rectangular microtubes because no catalyst was used in the
synthesis. This mechanism consists of two stages: nucleation
followed by crystal growth [13]. The Cl16CuPc powder was ﬁrstly
heated up and transformed into hot vapor under vacuum condition.
When the hot vapor was transmitted to low temperature area,
Cl16CuPc molecules started to solidify. The condensate then
slowly formed into nanocrystals one layer after another on the
cool Si/SiO2 substrate (Fig. 8a). With the temperature increases,
the Cl16CuPc powder sublimes quickly, and as a result, high
concentration of the Cl16CuPc vapor surrounds the SiO2/Si
substrate. Therefore, the Cl16CuPc microtubes formation was
initiated on Cl16CuPc nanocrystals and result in perfect microtubes
with square or rectangular cross-section. According to experi-
mental results, it can be seen that several factors are essential for
the Cl16CuPc rectangular microtubes growth, including the
Cl16CuPc molecular structure, the rate of Cl16CuPc vapor trans-
port, availability of nucleation sites and crystalline structures.4. Conclusions
The large area array of Cl16CuPc rectangular microtubes have been
successfully fabricated using a simple one-step process by physical
vapor deposition (PVD) technique without using any template or
catalyst. The Cl16CuPc rectangular microtubes have several unique
features:
(1) The morphology and the crystrallographic structures are
controlled and well deﬁned.
(2) Every tube is a single crystal with defects free.
(3) The microtubes have a completely hollow interior, open
ends, thin walls and ﬂat nozzles, and therefore, they are easy
to join and may be very effective as microchannels and
microvessels.(4) The Cl16CuPc is a porphyrin analog, and hence it exhibits
excellent biocompatibility, high stability and innocuity.(5) The synthesis process, developed to produce the tubular
structure, is very simple and easy to control. It is a high-yielding and environment-friendly method as small amount
of raw material is used.The technique demonstrated here could be extended for
synthesizing a wide range of organic functional nano- or micro-
materials. From the technological point of view, the array of
Cl16CuPc microtubes has prospective applications in the ﬁeld of
solar cells, microchannels for biochip, nanodevices for ﬁeld
emission apparatus, and microvessels for drug delivery.Acknowledgments
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